The peripheral distributions of the cardiac ryanodine receptor (RyR) and a junctional protein, junctophilin-2 (JPH2), were examined using single fluorophore localization-based super-resolution microscopy in rat ventricular myocytes. JPH2 was strongly associated with RyR clusters. Estimates of the colocalizing fraction of JPH labeling with RyR was~90% within 30 nm of RyR clusters. This is comparable to fractions estimated from confocal data (~87%). Similarly, most RyRs were associated with JPH2 labeling in super-resolution images (~81% within 30 nm of JPH2 clusters). The shape of associated RyR clusters and JPH2 clusters were very similar, but not identical, suggesting that JPH2 is dispersed throughout RyR clusters and that the packing of JPH2 into junctions and the assembly of RyR clusters are tightly linked.
Cardiac excitation-contraction coupling relies on calcium release from internal stores (the sarcoplasmic reticulum, SR) via ryanodine receptors (RyRs) (1) , which are intracellular Ca 2þ channels. Most RyRs are organized into clusters within narrow dyadic junctions between sarcolemmal and SR membranes (1) . The RyRs are opened via the Ca 2þinduced Ca 2þ -release mechanism (2) , and the speed and fidelity of this mechanism are critically dependent on the geometry of the dyad and organization of RyRs. The dyad space itself is narrow and is formed by the close apposition of the SR and surface membrane (with~15 nm separation (3)) and within this space, RyRs are arranged in a quasicrystalline array (seen as ''feet'' (1, 4) in electron micrographs). This organization ensures a rapid response to Ca 2þ influx through voltage-gated Ca 2þ channels during the cardiac action-potential.
It is still unclear how junctions are formed and maintained. One protein that has been implicated in dyadic junction formation is the cardiac isoform of the junctophilin family, junctophilin-2 (JPH2). JPH2 has been suggested to promote docking of SR terminal cisterns with the sarcolemmal membrane via JPH2 cytosolic domains that have affinity for phospholipids (5) . Consistent with this idea, transgenic mice lacking JPH2 showed embryonic lethality, malformed junctions, and abnormal Ca 2þ transients (5) . Furthermore, shRNA knockdown of JPH2 leads to a reduction in the number of junctional complexes, a greater variability in junctional geometry, and reduced efficiency of excitation-contraction (EC) coupling (6) .
JPH2 has been shown to strongly colocalize with RyRs in mature cardiac myocytes (7) , although, using diffractionlimited confocal microscopy, RyR and JPH clusters appear as mostly featureless puncta (~250 nm in diameter). Recent super-resolution fluorescence microscopy has revealed a wide range of sizes and shapes for RyR clusters in peripheral junctions (8) . With the increased resolution available in multicolor super-resolution microscopy (9) it is now possible to investigate the nanoscale relationship between RyRs and JPH2 to examine whether JPH2 forms ''anchoring domains'' within the junction.
To visualize the nanoscale distribution of RyRs and JPH2 we labeled enzymatically isolated rat ventricular myocytes with specific antibodies against RyR and JPH2. The cells were imaged using both a confocal microscope and single molecule super-resolution microscopy (for detailed methods, see the Supporting Material). Imaging was restricted to the surface sarcolemma to visualize peripheral couplings, to enable comparison with previous work (8) and to allow a simpler interpretation of data from the (essentially) flat surface geometry. In agreement with previous work, both RyR and JPH2 labeling appeared as strongly overlapping diffraction-limited puncta in confocal images (Fig. 1,  A and B) . In contrast, super-resolution images of similar regions in RyR/JPH2 double-labeled cells revealed complex cluster shapes ( Fig. 1 C) . Patches of RyR labeling contained sharp edges and were incompletely filled ( Fig. 1 D) , similar to a previous report (8) . JPH2 labeling exhibited a similar (but not identical) morphology and typically occupied most of the RyR cluster area ( Fig. 1 D) . Fig. 2 B shows histograms of the percentage of JPH2 labeling with distance to the edges of RyR clusters for both super-resolution and diffraction-limited confocal data. Estimates of this fraction were lower in super-resolution images than confocal data (72% vs. 87%, n ¼ 5 cells), but was more comparable once a narrow area around RyR cluster edges of~30 nm was included (90%, n ¼ 5 cells). Similarly, the percentage of RyR labeling colocalizing with JPH2 was 57% in superresolution images, which increased to~81% by including a 30-nm band around the super-resolution cluster mask (vs. 84% in confocal data; see Fig. S2 and Table S1 in the Supporting Material). In addition, the density of JPH labeling across RyR clusters was approximately proportional to the density of RyR labeling itself (see Fig. S3 ). Visual inspection of the super-resolution data indicated a strong resemblance between shapes of RyR clusters and overlapping regions of JPH2 labeling. This is illustrated in Fig. 3 A, which shows a collage of randomly selected images of larger clusters. Quantification confirmed the angular and spatial alignment of corresponding RyR and JPH clusters ( Fig. 3 B) , in agreement with our visual impression. The correlation was~0.6 for aligned JPH and RyR clusters ( Fig. 3 B) , slightly lower than the expected correlation between identical clusters of 0.75 (<1 due to stochastic variations in single molecule data; see Methods in the Supporting Material). The centers of labeling intensity of large JPH and RyR clusters (mean diameter 515 nm) were mostly within~40 nm (Shift in Fig. 3 B) . Taken together, this suggests that RyR and JPH2 distributions in clusters are similar but not identical.
The lower-resolution data obtained in previous studies (7) would be consistent with a number of different arrangements of the proteins within the junction (for example, those depicted in Fig. 3 , C-E). Our data are not consistent with a junctional architecture containing specialized structural (anchoring) domains ( Fig. 3 C) that are separate from Ca 2þ signaling domains. The high degree of colocalization between JPH2 and RyR and the similarity in cluster shapes suggest that the~75 kDa JPH2 proteins are closely interspersed between the large RyR channels throughout the entire cluster ( Fig. 3, D or E) . In connection with this point, JPH2 has recently been shown to coimmunoprecipitate with the RyR in cardiac cell lysates, prompting the authors to suggest a direct molecular interaction between RyR and JPH2 (6) . Our data show a molecular scale colocalization of RyR and JPH2 within the junction, which is compatible with this idea. We note, however, that although there is a strong shape similarity, there are discernible differences. This includes a lower correlation than would be expected between identical clusters, and colocalization only becomes substantial once a 30-nm boundary zone around clusters is included. This suggests that at least a subpopulation of RyR and JPH2 are not directly interacting, i.e., a hybrid of models in Fig. 3 , D and E. The strong molecular-scale colocalization between JPH2 and RyRs reported here supports a role for JPH2 in the formation of junctions critical for efficient EC coupling. In connection with this point, a progressive loss of JPH2 (6,10) was linked to the development of heart failure. However, it remains unclear whether formation of JPH2 clusters precedes and acts as a possible seed site for RyR clustering (8) or if an interaction between JPH2 and RyRs helps promote formation of clusters by a form of mutual condensation. (Alternatively, JPH2 and RyR aggregation could be secondary to unidentified factors.)
These results demonstrate the utility of fluorescent multicolor super-resolution immuno-labeling to investigate protein proximity at the nanometer scale. The ability to resolve nanoscopic biological structures should give new insight into the assembly of macromolecular signaling complexes. By establishing that junctophilin is not constrained to specific domains within the junction, but broadly interspersed throughout the area occupied by RyRs, we can refine our knowledge of the molecular basis of local control (11) in cardiac EC coupling.
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